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Abstract  
The production of alkaline proteases by solid-state fermentation (SSF) was evaluated. 
The effect of three agro-industrial residues was examined: coffee husk, hair waste from the 
tanning industry and soy fibre residues. Soy fibre presented the highest yield for protease 
production at the laboratory scale (37ºC, 100 g samples). Consequently, experiments with soy 
fibre (F) and soy fibre with 10 % compost as an inoculum (FC) were performed for 14 days in 
4.5 L bench-scale aerobic near-adiabatic reactors. The highest activity occurred under 
thermophilic conditions and a high respiration activity of 47331 ±1391 U/g dry matter for F 
and 18750 ± 1596 U/g dry matter for FC, which are much higher values than those reported in 
other studies. Alkaline proteases showed maximum stability at pH 11 and temperatures of 
43.8 ºC (F) and 30ºC (FC), which was determined by a full factorial experimental design. 
Storage assays demonstrated that 90 % of enzyme activity was preserved for three months by 
lyophilising or freezing the samples at -80ºC.  
 
Keywords: Solid-state fermentation; alkaline protease; respiration activity; experimental 
design; bench scale production. 
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1. Introduction 
 Solid-state fermentation (SSF) has been defined as the fermentation process that 
involves a solid matrix and is performed in the absence or near absence of free water [1]; 
however, the substrate must possess enough moisture to support the growth and metabolism 
of the microorganisms.  
Among other applications, SSF can be used for producing enzymes using various 
substrates. Protease production by SSF under different process conditions, microorganisms 
and substrates has been reported [2,3]. However, most studies consist of lab-scale 
experiments using a few grams of substrate, a constant temperature, sterilised residues and 
specific microorganisms as the inoculum. Addressing SSF process scale-up under these 
conditions is a challenge because of the inherent difficulties of handling large quantities of 
solid substrate while avoiding biological contamination and problems related to mass and heat 
transfer that are associated with the solid processes. Few studies have been published on SSF 
that used a pilot scale [4]. The mathematical modelling of the process [5] has highlighted the 
effect of denaturalisation of the produced enzyme at pilot scale caused by an increase in 
temperature.  
An alternative approach to overcome these constraints involves working with a 
microbial consortium under a dynamic temperature profile including a thermophilic range 
similar to that of a composting process. Additionally, when fermentation occurs at high 
temperatures, thermostable enzymes are produced as a microorganism’s adaptation strategy 
[6]. 
Amongst microbial proteases, alkaline proteases are used in an extensive range of 
applications in the detergent, food processing, pharmaceutical, leather dehairing and paper 
industries and in the processing of proteinaceous waste [7,8].  
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The objectives of this study are as follows: i) to screen which local agro-industrial 
wastes were suitable for producing proteases by SSF; ii) to define an easily scalable SSF 
process with the most suitable waste for protease production; and iii) to characterise the effect 
of pH and temperature on enzyme stability.  
 
2. Materials and Methods 
2.1. Materials 
          The materials used were soy fibre and coffee husk, which are final residues from the 
food industry, and hair waste from the tanning industry as a result of a chemical process in 
strong alkaline conditions (obtained from local industries in Barcelona, Spain). Table 1 shows 
the main characteristics of these residues. Wood chips were added to the materials in a 1:1 
(w:w) ratio and acted as a bulking agent to provide the proper porosity [9].  
Raw sludge (31.9% dry matter (DM), 82.6% organic matter (OM) and respiration 
index of 4.2 g O2 kg-1 DM h-1) from a local wastewater treatment plant was used to inoculate 
the hair waste for the biodegradation, as described in previous studies (hair waste:raw sludge 
wet weight ratio of 1:2, [10]). Compost from a Barcelona composting plant (83.1% DM, 76% 
OM and respiration index of 1.6 g O2 kg-1 DM h-1) was used as an inoculum for the soy fibre 
in the 4.5 L reactors. This mixture was tested to compare protease production by SSF with the 
soy fibre native microorganisms and the soy fibre with a low-cost, widely used microbial 
consortium such as that of compost [11]. 
 
2.2. Experiments 
2.2.1. Lab scale 
 To screen for a suitable protein-rich waste for protease production, preliminary SSF 
experiments were assayed in triplicate for five days at 37ºC in 500 ml Erlenmeyer flasks with 
100 g of sample. The soy fibre, coffee husk and hair waste with raw sludge were mixed with 
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bulking agent in a 1:1 (w:w) ratio and assayed without sterilisation. The dynamic respiration 
index (DRI) was determined [12]. The protease activities were analysed after incubation (five 
days). 
 
2.2.2. 4.5 L reactors   
 Experiments were performed in duplicate for fourteen days in 4.5 L air-tight reactors, 
working under near-adiabatic conditions and with on-line temperature monitoring (Pt-100 
sensors, Sensotran, Spain) and using a data acquisition system (MAC-3580, Desin, Spain) 
connected to a personal computer. Continuous aeration at a rate of 0.1 L/min was provided to 
the reactors. The oxygen concentration in the exhaust gases was measured by means of an 
oxygen sensor (Crowcon’s Xgard, United Kingdom) (Fig. 1). Previous studies determined 
that the gas flow in these 4.5 L reactors behaves similar to the plug flow with an axial 
dispersion model, according to the residence time distribution method [13]. Consequently, an 
oxygen concentration gradient can be estimated to determine whether the process is 
performing under aerobic conditions throughout the entire reactor.  
The mixtures were prepared by mixing soy fibre and bulking agent in a wet weight 
ratio of 1:1 (experiment F) and soy fibre, bulking agent (1:1, w:w) and 10 % of compost 
(experiment FC). The final weight of the mixture was 1.250 kg for each reactor. The water 
content of the mixture was adjusted within the recommended values by adding tap water 
during the experiments as needed. Samples weighing 30 g were collected at 0, 3, 7, 10 and 14 
days after manual homogenisation of the entire mass. 
 
2.3. Enzyme extraction 
 Fermented solid medium was mixed thoroughly with 50 mM HCl-Tris buffer, pH 8.10 
at a 1:5 (w:v) ratio for 45 min, and the extract was separated by centrifugation at 5000 rpm 
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for 20 min and posterior filtration with a 0.45 µm filter. The supernatant was used for the 
alkaline protease assay. 
 
2.4. Enzyme assay 
 Alkaline protease activity was determined using a modified method described by Alef 
and Nannipieri [14]. A 1 ml aliquot of the enzyme extract was added to 5 ml of 2% casein 
solution and incubated at 50ºC and 100 rpm for 2 hours. One unit of alkaline protease activity 
was defined as 1 µg of tyrosine released under the assay conditions.  
 
2.5. Effect of pH and temperature on protease stability 
 The effects of pH and temperature (T) on alkaline protease stability were analysed by 
a 12 full factorial experimental design with three replicates at the centre (using the software 
package Sigmaplot version 10, Systat software Inc.). The temperature was fixed at 30, 50 and 
70 ºC, and the pH was 5.00 (Tris-HCl, 1 M), 8.00 (Tris-NaOH, 1 M) and 11.00 (acetic acid-
sodium acetate, 1 M). The buffers were chosen to maintain the desired pH value during the 
entire experiment [8]. The objective function was the residual alkaline protease activity 
percentage after one hour of incubation.  
 
2.6. Alkaline protease conservation 
 The enzyme extract was conserved at 4ºC, -20ºC, -80ºC and after lyophilisation. These 
methods of conservation were evaluated to determine how long the extract could be 
preserved.  
 
2.7. Analytical Methods 
 The water and organic matter content, total organic carbon (TOC), total nitrogen 
Kjeldahl (TNK), pH and electric conductivity (EC) were determined according to the standard 
procedures recommended by TMECC [15]. 
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3. Results and discussion 
3.1. Screening materials for protease production 
 A respirometric study was performed with the three residues to evaluate the 
biodegradability of each mixture and the best waste capable of protease production. The 
maximum enzyme production was observed with soy fibre. For instance, the protease 
production was 37244±1101 U/g DM for soy fibre, 10681±71 U/g DM for the coffee husk 
and 17011±2122 U/g DM for hair waste. The different levels of protease production could be 
caused by the chemical composition and biodegradability of the materials, the pH and C/N 
ratio, and the different microbial populations that developed. The hair and coffee husk 
resulted in a lower DRI than soy fibre. Hair resulted in a high pH and an extremely high N 
content; however, this fraction might not correspond to an easily biodegradable fraction but, 
rather, to recalcitrant C and N chemical forms [16]. In addition to a high DRI, soy fibre has a 
considerable amino acid content and N availability [17]; therefore, it appears to be the best of 
the three assayed materials for producing proteases. As Pandey et al. reported [2], these 
results indicate that the protease production pattern varied with the type of residue. Based on 
these results, we selected the soy fibre for the bench-scale experiments. 
 
3.2. SSF trials in 4.5 L reactors with soy fibre 
 Figure 2a and 2b shows the temperature and pH profiles and the alkaline protease 
activity for one replicate of the F and FC experiments, respectively, in 4.5 L reactors. One 
replicate is shown as the difference in the temperature profile between replicates, which was 
below 5% in both cases (area below temperature curve was 456.71 and 476.63 ºC·day for F 
replicates, 501.16 and 519.69 ºC·day for FC replicates). The increase in temperature was 
caused by the biodegradation of organic matter. A secondary temperature increase was 
observed after homogenising the reactor contents when sampling at days 3, 7 and 10. The 
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results of the oxygen concentration gradient indicated that the reactors were fully aerobic 
during the entire process.  
 The profile of alkaline protease production is shown in Figures 2a and 2b. The highest 
protease activity coincided with the thermophilic phase, which was higher in experiment F 
(47331 ±1391 U/g DM) than in FC (18750 ±1596 U/g DM). These results suggest that the 
inoculation of different microorganisms from the compost did not increase the production of 
alkaline proteases and that the autochthonous microorganisms of soybean fibre are more 
efficient for protease production. The protease activity values were much higher than those 
reported in studies using other substrates [18,19], suggesting that scaling-up the SSF process 
should not have a negative effect. The high yield was confirmed by preliminary experiments 
used to optimise the process conditions (bulking agent ratio, aeration requirements, etc.). 
Protease activity ranged from 42000 to 380546 UA/g for F experiments and from 30253 to 
154337 UA/g for FC experiments. 
The results showed that enzyme synthesis coincided with the increase in the 
temperature and pH that are inherent to an adiabatic biodegradation process of biodegradable 
organic matter [19]. This high production of alkaline protease under these experimental 
conditions indicates the possible thermostability of the enzymes and the alkalophilic nature of 
microbial strains, although further experiments were performed to validate this hypothesis 
(section 3.3). Additionally, the DRI of the final mixtures of F and FC were 0.92 and 0.58 g O2 
kg-1 DM h-1, respectively, indicating that the residues were fully stabilised after fourteen days 
of SSF, as reported in the composting field [17].  
Finally, the results obtained from the conservation methods tested showed that the 
activity of the alkaline protease at 4ºC and -20ºC was constant for only one week of storage. 
For the lyophilised samples, the activity was constant for one month, and at -80ºC, the 
activities were stable (90%) for at least three months (data not shown). Other studies have 
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shown that proteases are unstable and that immobilisation is the only method for preserving 
activity for long-term storage [20].  
 
3.3. Effect of pH and temperature on enzyme stability  
 Figure 3 shows the response surface for residual activity as a function of temperature 
and pH. Alkaline protease activity decreased after incubation for all the tested combinations. 
However, due to the high initial activity level, the enzyme extract still presents a high 
proteolytic potential. Equations (1) and (2) were obtained to describe enzyme stability (best 
fitting obtained from the normalised experimental values, statistically validated through F 
test) for F and FC, respectively: 
Residual activity (%) = 24.71+8.33pH-12.17T-0.63pH2-11.13T2-5.00pH T (Eq.1, R2:0.92) 
Residual activity (%) = 27.63+12.67pH-11.50T-1.63pH2-6.88T2-8.23pH·T (Eq.2, R2:0.95) 
The interaction term pH-T in equations 1 and 2 highlights the cross effect of pH and 
temperature on stability. Negative coefficients of T indicate a negative effect of high 
temperatures on activity.  
The enzyme was more stable at pH 11, confirming that the obtained enzyme was an 
alkaline protease. Although a thermophilic enzyme was expected, the best results for thermal 
stability were obtained at 43.8ºC for F and 30ºC for FC samples (37% and 51% residual 
activity at optimal conditions, respectively).  
 
4. Conclusions 
 The soy fibre residues were a suitable source for alkaline protease production by SSF. 
The results reveal that high yield can be obtained without inoculating any specific 
microorganism, suggesting that the SSF process could be scalable. This enzyme is more 
stable at alkaline pH and mesophilic temperatures and can be preserved for at least three 
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months by freezing at -80ºC. Further studies are necessary to confirm the possible uses of this 
alkaline protease and its full characterisation.  
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Figure captions 
 
Figure 1. Experimental set-up of the bench-scale solid-state fermentation reactor.  
 
Figure 2. Solid-state fermentation profiles (one replicate is shown): a) soy fibre, b) soy fibre 
with 10% compost. Temperature (▬, solid line), oxygen content in exhaust gases (···, dotted 
line), pH (▲) and protease (♦).  
 
Figure 3. Response surface for residual activity in stability assays: a) soy fibre, b) soy fibre 
with 10% compost. 
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Figure 3 
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Tables 
 
Table 1. Characterisation of the wastes used in the study. 
 
 
Waste Hair waste Soy fibre Coffee husk 
Water content (%, db) 59.9 ± 0.4 82.5 ± 1.2 79.4 ± 0.3 
Organic matter (%, db) 86.0 ± 0.1 97.7 ± 0.5 92.2 ± 0.2 
pH 10.76 ± 0.01 7.37 ± 0.01 7.49 ± 0.01 
EC (µS cm-1) 5.03 ± 0.01 0.70 ± 0.01 1.26 ± 0.01 
Dynamic respiration index  
(g O2 kg-1 DM h-1) 3.0 ± 0.4* 5.6 ± 0.8 3.0 ± 0.3 
Total Organic Carbon (% db) 57.2 ± 0.9 67.5 ± 0.9 67.4 ± 0.1 
Total Nitrogen Kjeldhal (% db) 12.0 ± 0.1 4.4 ± 0.2 2.7 ± 0.2 
C/N ratio 4.8 15.4 24.8 
 
Abbreviations: EC: electrical conductivity, wb: wet basis, db: dry basis, DM: dry matter.  
* Ratio 1:2 hair waste:raw sludge. 
 
 
 
 
 
 
 
